Previous studies with mutants of Neurospora crassa lacking the enzyme tryptophan synthetase (indole + L-serine -> L-tryptophan) have shown that certain of these strains form large amounts of a protein which is immunologically cross reacting and hence probably structurally related to the enzyme (Suskind et al., 1955) . One mutant strain which, by genetic criteria, was allelic with' the other mutants (Newmeyer, 1954; was found to be incapable of forming either tryptophan synthetase or the immunologically related protein (Suskind et al., 1955) . On the basis of these observations it was tentatively concluded that the cross reacting material probably represented an inactive or incomplete form of the enzyme (Suskind et al., 1955; Yanofsky, 1956; Suskind, 1957a ). Other interpretations are also possible, however; the cross reacting material could be an adaptive enzyme induced by the indole accumulated by these strains, it could be one component of a tryptophan synthetase "complex" if the tryptophan synthetase reaction actually required two enzymes, or it could be a protein or enzyme structurally similar to tryptophan synthetase but controlled by a gene distinct from the gene controlling tryptophan synthetase formation.
The present study was initiated in an attempt to distinguish among these various possibilities. Escherichia coli was selected as the experimental organism because the enzymatic steps involved in tryptophan synthesis are better understood in E. coli than in N. crassa, and because it was of interest to determine whether tryptophan synthetase lacking mutants of an unrelated organism would also form a protein immunologically related to this enzyme. I This study was supported by a grant from the National Science Foundation and was performed during the tenure of a Lederle Medical Faculty Award to one of the authors (Charles Yanofsky).
METHODS
Description of mutants. A group of tryptophan auxotrophs of E. coli were employed. Strains T-3, td2, td3 and td4 were derived from strain K-12, while auxotrophs B-822, B-842, B-812, 93 , B/IT and B/ITN4 were derived from strain B. All of these strains except T-3 require tryptophan specifically and will not respond to indole. Strain T-3 grows equally well with anthranilic acid, indole or tryptophan.
Tryptophan synthetase assay. Tryptophan synthetase activity was determined by measuring indole disappearance in the presence of serine and pyridoxal phosphate, as described elsewhere (Yanofsky, 1955) . A unit of enzyme activity is defined as the amount of enzyne which will convert 0.1 ,umole of indole to tryptophan in 30 min under standard conditions. The protein content of mutant extracts was determined by the method of Lowry et at. (1951) . Tryptophan synthetase specific activity is expressed in terms of units of enzyme activity per mg of extract protein.
Preparation of antisera to tryptophan synthetase and to cross reacting material. An extract of strain T-3, a mutant blocked in the synthesis of anthranilic acid, was used as the source of tryptophan synthetase. This mutant forms abnormally large amounts of tryptophan synthetase (Yanofsky, 1957) . Large batches of T-3 cells were grown with aeration on a minimal medium (Rickenberg et al., 1953) supplemented with anthranilic acid (2 ,ug/ ml) and 0.16 per cent glucose. The cells were harvested by Sharples centrifugation, washed with cold 0.85 per cent NaCl, and suspended in 0.1 M K2HPO4 buffer, pH 7.8. These suspensions were then disrupted with a 9 Kc Raytheon sonic oscillator and centrifuged in a Servall SS-1 centrifuge to remove debris. The preparations obtained usually had a tryptophan synthetase specific activity of 15 to 25.
An extract of strain td4, a strain producing the cross reacting material, was similarly prepared, using cells grown on minimal medium supplemented with 0.05 per cent neutralized acid hydrolyzed casein, L-tryptophan (10 Ag/ml) and 0.16 per cent glucose.
Antisera were obtained by inoculating one ml of a homogenate of the following suspension into each of the hind footpads of two rabbits: 5.0 ml of extract (about 30 mg protein/ml), 5.0 ml of Bayol, 1.0 ml of Falba and a pinch of heat killed Mycobacterium hominis strain H37. Booster injections were given by the same route after three weeks and at weekly intervals thereafter, with samples taken weekly after the second booster for periods of six to eight weeks. When suitable titers were reached, the animals were bled out and the antisera treated as follows: heated for 30 min at 56 C, cooled to 4 C and treated with ammonium sulfate, at 50 per cent of saturation. The precipitate was taken up in 0.1 M K2HPO4 buffer, pH 7.8 and dialyzed overnight against cold saline containing 0.01 M phosphate buffer.
Antibody assay. Antibody activity was determined by adding varying amounts of antiserum to a known amount of tryptophan synthetase, plus 0.2 ml of 0.1 M K2HPO4 buffer at pH 7.8. The mixture was incubated in an ice bath for 15 min; then substrates and coenzyme were added and the tubes reincubated for 30 min at 37 C. The reaction was stopped by the addition of 0.1 ml of 1 N NaOH and the indole remaining was determined as described elsewhere (Yanofsky, 1955 (Cinader, 1953) but differs from the analogous Neurospora system (Suskind, 1957b) . As with the Neurospora system, neither indole, serine, nor pyridoxal phosphate prevented the neutralization of tryptophan synthetase by antiserum.
Time required for enzyme neutralization. To establish an optimal period for conducting tryptophan synthetase neutralization reactions, the time required for maximal enzyme neutralization was determnined. Enzyme and antiserum were mixed and a large excess of cross reacting material was added at various times to dilute the unneutralized enzyme and thus protect it from neutralization. The enzyme activity remaining unneutralized was then determined in the usual manner. The results of two experiments are shown in figure 2. It can be seen that at both temperatures, neutralization is nearly complete and essentially irreversible at 5 min with negligible neutralization occurring thereafter. A standard reaction time of 15 min was adopted on the basis of these curves.
Examination of incubation mixtures for neutralizing antibody. Analyses were performed to determine whether antibody capable of neutralizing tryptophan synthetase was present in incubation mixtures which exhibited enzyme activity after incubation with antiserum. Enzyme and an amount of antiserum insufficent to inhibit all the enzyme were mixed and incubated at 0 C for 15 min. A second portion of enzyme was then added to determine whether all the antibody was removed during the first incubation.
The results of this experiment are presented in table 1. If all the antibody had reacted prior to the addition of the second portion of enzyme, tube 5 should have contained 0.57 units of enzyme activity (value in tube 1) plus 0.94 units added at 15 min (total of 1.51 units). However, only 1.18 units of enzyme activity were detected. Similarly, in tube 6 there should have been 1.22 units figure 3) show that the amount of enzyme neutralized depended upon the amount of enzyme added. It can also be seen that the length of the incubation period did not have an appreciable effect on the extent of neutralization.
The data presented above demonstrate that over a considerable portion of the neutralization curve both unneutralized enzyme and antibody capable of neutralizing are present. It was also shown that the addition of more enzyme or antibody generally resulted in the neutralization of additional enzyme activity. An experiment was performed to determine whether the amount of enzyme remaining unneutralized would be constant and independent of the amount of tryptophan synthetase and antiserum added, (Yanofsky, 1957 7MUTANTS OF E. COLI LACKING TRYPTOPHAN SYNTHETASE tryptophan synthetase (slightly more than 2 units of cross reacting material were required to protect one-half of the enzyme added from neutralization.)
In other experiments antisera to cross reacting material from strain td4 and to tryptophan synthetase were absorbed with an excess of cross reacting material from td2, td3, td4, or B-82 and then tested for unabsorbed neutralizing antibodies. No uncombined antibodv was detected, indicating that neither serum contained antibodies specific for tryptophan synthetase.
DISCUSSION
Although antisera prepared to crude extracts of E. coli containing tryptophan synthetase are capable of inhibiting this enzyme, the coli tryptophan synthetase-anti-enzyme system exhibits certain unusual characteristics. Neutralization is not proportional to the amount of antibody added and the effectiveness of a given amount of antiserum is dependent on the number of units of enzyme which are present. In addition, the titration curves obtained with cross reacting material are semilinear only with low levels; thus these titrations are, at best, only approximations. These characteristics distinguish the coli system from the corresponding Neurospora system in which tryptophan synthetase and cross reacting material neutralization is proportional to the amount of antibody added (Suskind, 1957b) . The values obtained with coli cross reacting material, however, appear to be equivalent to corresponding levels of inhibitable tryptophan synthetase activitv when certain conditions are observed. These conditions are that values for cross reacting material be based on the initial portion of the titration curve, and that the amount of antibody remaining unneutralized should be capable of inhibiting no more than one-third of the tryptophan synthetase added. WVhen these conditions are met, data of the type presented in figure 6 The principal purposes of the studies reported in this paper were to determine whether mutants of E. coli lacking tryptophan synthetase would form cross reacting material, and to obtain additional information bearing on the identity of this material. It was observed that as in Neurospora, some E. coli mutants lacking tryptophan synthetase form a protein immunologically related to this enzyme while other mutants lacking tryptophan synthetase do not. The major difference between the observations reported with Neurospora and the data presented here is that the coli mutants which lack tryptophan synthetase and cross reacting material were shown to be biochemically distinguishable from the mutants which form cross reacting material. W"ithout exception, all of the coli mutants which form cross reacting material accumulate indole during growth while the coli mutants which do not form cross reacting material do not. Associated with the inability of the latter group to accumulate indole is the loss of an enzyme involved in the conversion of indole glycerol phosphate to indole. In this connection it should be noted that the Neurospora td mutant which does not form cross reacting material accumulates much less indole than the Neurospora mutants which do (Yanofsky, 1952 (Yanofsky, 1955 phan synthetase cannot explain the absence of indole forming ability in strains which do not form the cross reacting material. In addition, if this explanation were correct, it would be expected that the cross reacting materials of different mutants would be distinguishable. No differences were detected. However it must be admitted that the comparisons performed to date are only of a preliminary nature.
The most likely possibility, that the cross reacting material is a distinct enzyme involved in indole synthesis, is also supported by the recent finding that wild type extracts of Neurospora contain cross reacting material at a level approximately 10 per cent that of tryptophan synthetase (Suskind, 1957b) .
If the cross reacting material is an enzyme involved in indole synthesis, we are then left with the problem of accounting for mutants B-81, B-84, and 9 which lack both tryptophan synthetase and the indole forming enzyme. Two mutants of this type have also been obtained in strain K-12 but have not been thoroughly studied. All of these mutants presumably represent single mutational events and all appear to regain the ability to form tryptophan synthetase and the indole forming enzyme in one mutational step. The mutated gene in mutants of this type and the mutated gene in the strains which form cross reacting material have been found to be very closely linked in E. coli (Yanofsky, Lennox and Richards, unpublished data) and the same may be true in Neurospora. These genes may be evolutionarily related and may have an overlapping genic region in common which is functionally an integral part of both genes. On the other hand, mutants B-81, B-84 and 9 may represent genic position effects.6
Either of these possibilities would explain all of the existing observations. At the present time we have no evidence in support of either of these views.
SUMMARY
The characteristics of the reaction between Escherichia coli tryptophan synthetase and rabbit anti-tryptophan synthetase are described. Using this system, extracts of three groups of auxotrophs lacking tryptophan synthetase were examined for proteins capable of removing antibodies to this enzyme. One group of mutants (those which accumulate indole) formed a protein which was immunologically similar to tryptophan synthetase. The other two groups formed neither tryptophan synthetase nor the cross reacting protein, and, in addition, lacked an enzyme required for the conversion of indole glycerol phosphate to indole. On the basis of this correlation it was suggested that the cross reacting protein inay be an enzyme involved in indole synthesis.
